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Type III secretion systems (T3SS) are used by bacteria to deliver proteins into the cytoplasm of
eukaryotic cells. Most studies of T3SS have focused on the role of these secretion systems in specific
host interactions. However, there is increasing evidence to suggest that T3SS are also used in inter-
actions with multiple hosts, thereby promoting opportunistic infections and mutualistic symbioses.Introduction
Type III secretion systems (T3SS) are used by Gram-neg-
ative bacteria to assemble flagella, to secrete extracellular
proteins, and to deliver proteins into the cytoplasm of eu-
karyotic cells. T3SS-secreted effector proteins promote
parasitism, suppress host defenses, and induce host cell
death (Pallen et al., 2005; Troisfontaines and Cornelis,
2005). Experimental studies of nonflagellar T3SS have
largely focused on bacterial pathogens of animals and
plants and have examined the effects of T3SS and
T3SS-secreted effectors in the host species from which
bacteria were isolated, or in model hosts such as mice
and the model plant Arabidopsis thaliana. However,
many T3SS-using symbionts interact with more than one
host species, and there is mounting evidence to show
that T3SS effectors have conserved targets in animals,
plants, fungi, and protoctists, which fuels speculation
that bacteria naturally use T3SS in interactions with multi-
ple hosts. This review highlights recent studies that sup-
port the idea that T3SS are versatile tools for manipulation
of diverse hosts and discusses the implications of multi-
host interactions for pathogen detection and disease
control.
T3SS in Enteric Symbionts
The term ‘‘symbiont’’ describes an organism that lives in
prolonged, close association with another, typically larger
‘‘host’’ organism and encompasses interactions ranging
from mutually beneficial symbioses through to chronic
and fatal diseases. The human gut contains a wide variety
of T3SS-using symbionts, which include beneficial bacte-
ria that assist with digestion and provide essential nutri-
ents; commensal bacteria, which have little impact on
host fitness; and pathogenic bacteria, which have the
potential to cause harm to the host organism.
The best characterized gut symbiont is Escherichia coli,
which is usually a harmless commensal organism. How-
ever, pathogenic isolates cause symptoms ranging from
diarrhea to urinary tract infections and sepsis. Many path-
ogenic E. coli strains use T3SS to colonize multiple verte-
brate species, and human infections frequently arise from
consumption of contaminated animal products. For ex-
ample, enterohemorrhagic E. coli uses T3SS-secretedCeffectors to infect both humans and cattle and typically
contains two T3SS. T3SS 1 (ETT1) is encoded by a geno-
mic island known as the locus for enterocyte effacement
(LEE) and plays a key role in pathogenesis in both humans
and cattle by secreting an estimated 39 different effector
proteins (Tobe et al., 2006). T3SS 2 (ETT2), is similar to
the Salmonella T3SS located on Salmonella pathogenicity
island 1 (SPI-1) and is present in a wide variety of E. coli
strains, including commensal strains, although ETT2 is fre-
quently present as a degenerate T3SS that containsmuta-
tions and deletions predicted to render it nonfunctional
(Tobe et al., 2006). Nevertheless, it is important to note
that even degenerate T3SS clusters can still affect host
interactions. A null mutant of the degenerate ETT2sepsis
cluster of E. coli O78 strain 789 was strongly attenuated
in the ability to cause septicemia in chicks (Ideses et al.,
2005). Further experiments are needed to explain why
ETT2sepsis mutants are impaired in pathogenesis, whether
the ETT2sepsis cluster is involved in pathogenesis in other
host species, and whether ‘‘degenerate’’ T3SS have func-
tional roles in other bacteria.
It is not hard to understand howT3SS could have impor-
tant functions in interactions with multiple mammalian
species, or even with multiple vertebrate species. How-
ever, researchers are increasingly asking whether T3SS
also act to maintain pathogen populations away from ver-
tebrate hosts, by promoting colonization of nonvertebrate
hosts such as plants, algae, and invertebrates, which then
act as reservoirs for infection of vertebrate hosts. Fresh
produce, such as raw salad vegetables, is a common
reservoir for human pathogens such as E. coli and Salmo-
nella, which are able to invade and proliferate in plant tis-
sue under favorable conditions, such as high humidity,
wounding, and coinfection with plant pathogenic microor-
ganisms (Aruscavage et al., 2006). Intriguingly, vertebrate
pathogens such as E. coli O157:H7 contain multiple T3SS
effectors that are similar to effectors secreted by plant
pathogenic bacteria (Tobe et al., 2006). However, experi-
mental analyses of the interaction of Salmonella enterica
serovar Typhimurium with the model plantMedicago trun-
catula showed that the SPI-1 T3SS and flagellar T3SS
elicited plant defense responses, restricting colonization
of plant tissues (Iniguez et al., 2005). This supports theell Host & Microbe 2, November 2007 ª2007 Elsevier Inc. 291
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demonstrates that T3SS can restrict, as well as promote,
colonization of some alternate hosts.
Some of the best models for studying T3SS-mediated
interactions between human pathogens and nonverte-
brate hosts may be Vibrio spp. Vibrio are ubiquitous and
abundant in marine environments, and human pathogenic
Vibrio persist in aquatic environments for extended pe-
riods of time, frequently in association with aquatic organ-
isms such as copepods and dinoflagellates. T3SS genes
are present in both clinical and environmental Vibrio,
including species such as Vibrio harveyi, which are rarely
associated with human disease. This has fuelled specula-
tion that Vibrio T3SS are used in interactions with aquatic
organisms, for both host colonization and defense against
grazing predators (Hilbi et al., 2007; Troisfontaines and
Cornelis, 2005). However, although T3SS-secreted pro-
teins have been linked to the cytotoxicity of Vibrio para-
haemolyticus toward mammalian cells in culture (Kodama
et al., 2007), researchers have yet to confirm whether Vib-
rio use T3SS in interactions with nonvertebrate hosts.
Parasitic Partners
In order to obtain concrete evidence of T3SS-mediated
interactions between bacteria and multiple vertebrate
and non-vertebrate hosts, it is necessary to turn to bacte-
ria that form intimate associations with invertebrate hosts.
Medicinal leeches such as Hirudo medicinalis and Hirudo
verbana are colonized by a specialized microbiota that
primarily consists of Aeromonas spp. and unculturable
Gram-positive bacteria. The parasitism mechanisms of
leeches, which include anticoagulant, antihistamine, and
anesthetic chemicals, make them ideal agents for clinical
applications such as reducing venous congestion during
plastic surgery. However, use of leeches in clinical prac-
tice is not without complications. Symbiotic Aeromonas
present in the leech gut not only infects leeches, but
also infects human tissues at a relatively high frequency
in the absence of postoperative antibiotic treatment (Whi-
taker et al., 2004). T3SS mutants of the leech symbiont
Aeromonas veronii HM21R are compromised in the ability
to colonize the leech gut and to resist phagocytosis by
leech macrophage-like cells, as well as showing reduced
cytotoxicity toward mouse macrophages (Silver et al.,
2007). This clearly indicates that the A. veronii T3SS not
only helps A. veronii to colonize the leech gut, but may
also contribute to infection and pathogenesis in human
hosts.
A second group of symbionts that enter into both bene-
ficial and pathogenic interactions with diverse hosts is
Photorhabdus spp., which inhabit the gut of entomopatho-
genic Heterorhabditis nematodes. Infective juvenile nem-
atodes carrying Photorhabdus seek out and penetrate
insects and then regurgitate 50 to 100 bacterial cells di-
rectly into the insect hemolymph. Photorhabdus is able
to overcome the insect immune system and kill the insect
host, providing food for both the bacteria and the infective
nematode. Most of the Photorhabdus strains character-
ized to date are obligate insect pathogens, butPhotorhab-292 Cell Host & Microbe 2, November 2007 ª2007 Elsevier Incdus asymbiotica also causes serious infections in humans.
All Photorhabdus strains contain at least one conserved
T3SS gene cluster at the same location in the genome,
suggesting that T3SS genes were acquired before speci-
ation, and have a central role in host colonization by these
bacteria (Brugirard-Ricaud et al., 2005). However, the
insect and nematode symbiont P. luminescens and the
insect, nematode, and human symbiont P. asymbiotica
differ in the complement of T3SS effectors they secrete,
which could contribute to differences in host range and
virulence (Brugirard-Ricaud et al., 2005). P. luminescens
encodes LopT, which inhibits phagocytosis by mamma-
lian and insect macrophages. P. asymbiotica encodes
a homolog of the cytotoxic phospholipase ExoU from
Pseudomonas aeruginosa, and a homolog of SopB, an
effector essential for intracellular survival in Salmonella
(Brugirard-Ricaud et al., 2005).
YopT may perform a similar function to LopT in Yersinia
pestis, which is an obligate symbiont of humans, rodents,
prairie dogs, and fleas, and the causal agent of the bu-
bonic plague. Y. pestis, unlike P. luminescens and most
other invertebrate-vectored pathogens, is fatal for its
insect vector, which may reflect both the epidemiology
and recent origin of this bacteria-insect association. Flea
morbidity has been linked to accumulation of bacterial bi-
ofilms in the flea foregut, which block feeding and promote
transmission (Hinnebusch, 2005). However, interestingly,
Y. pestis and P. luminescens also share a conserved in-
secticidal protein toxin complex, which is delivered into
both mammalian and insect cells by the plasmid-encoded
T3SS of Y. pestis, and which is expressed at high levels
during colonization of the flea midgut (Gendlina et al.,
2007), suggesting that the T3SS is involved in host coloni-
zation or transmission.
A final example of a T3SS-using symbiont that benefits
one host while harming another is Hamiltonella defensa,
a beneficial symbiont of pea aphids.H. defensa lives intra-
cellularly within aphid bacteriocytes and other cell types,
as well as colonizing the insect hemocoel. Colonization
by H. defensa ameliorates the attack of parasitoid wasps
on aphid hosts, causing wasp larva to die prematurely
(Moran et al., 2005). Intriguingly, although the genome of
H. defensa is estimated to be only 1.7 Mb, it contains
two sets of T3SS genes, similar to the SPI-1 and SPI-2
islands of S. enterica. H. defensa T3SS may promote col-
onization of host cells by modulating cell physiology or in-
sect immune responses, as reported for the T3SS of the
tsetse fly symbiont Sodalis glossinidius and the grain wee-
vil symbiont SZPE, or may be used directly to kill wasp
larvae (Moran et al., 2005).
Opportunity Knocks
All the bacteria discussed above form symbiotic associa-
tions with healthy host organisms that have active immune
systems. However, T3SS are also present in opportunistic
pathogens that are widely distributed in natural environ-
ments, and which cause disease symptoms in a wide
range of organisms, particularly when inoculated at high
densities or infecting immune-compromised hosts..
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and certain strains ofBurkholderia and are a leading cause
of hospital-acquired nosocomial infections and urinary
tract infections, as well as infecting wounds, burns, and
corneal surfaces. Natural reservoirs for P. aeruginosa
and Burkholderia include soil, water, and a wide range of
plant and microbial hosts (Berg et al., 2005; Hilbi et al.,
2007; Inglis and Sagripanti, 2006).
T3SS genes are present in both environmental and clin-
ical isolates of Burkholderia and Pseudomonas (Pallen
et al., 2005), and certain effectors, such as the ExoS
gene of P. aeruginosa, have been reported to be more
common in environmental isolates than in clinical isolates
(Ferguson et al., 2001). Although they are often regarded
as pathogens, many isolates of P. aeruginosa and Bur-
kholderia colonize plant roots to high levels, and some
have beneficial effects on plant growth and disease resis-
tance (Berg et al., 2005). Interestingly, the genome of Bur-
kholderia pseudomallei K96243 contains three T3SS, one
of which resembles the SPI-1 T3SS from S. enterica sero-
var typhimurium and is required for full virulence in a ham-
ster model of infection (Warawa and Woods, 2005). The
other two bear an intriguing similarity to T3SS from the
plant pathogen Ralstonia solanacearum (Pallen et al.,
2005; Warawa and Woods, 2005), which supports the
idea that these T3SS contribute to plant colonization and
survival in soil and water, although this has not been
tested.
Model organism studies have shown that the T3SS of
P. aeruginosa contributes to virulence in mammals, cater-
pillars (Galleria mellonella), Drosophila, and the amoeba
Dictyostelium (Hilbi et al., 2007). The broad-spectrum tox-
icity of P. aeruginosa may be explained in part by the
broad-spectrum toxicity of its T3SS effectors. The ExoU
phospholipase secreted by P. aeruginosa PA14 is toxic
to a wide variety of animal cells and yeast and induces
septic shock in rabbits (Sitkiewicz et al., 2007). The T3SS
of Burkholderia strains are less well characterized but
have been linked to invasive, intracellular colonization of
eukaryotic cells and to inhibition of model nematodes
such as Caenorhabditis elegans (Inglis and Sagripanti,
2006; Markey et al., 2006).
Future Prospects
This article outlines several ways in which bacteria can
benefit from using T3SS in interactions with multiple
hosts, which can be subdivided into four main categories.
(1) Pathogenesis: bacteria can use T3SS to colonize mul-
tiple hosts, which may be closely related (humans and
cattle) or belong to different phyla (humans and insects).
(2) Defensive and environmental interactions: bacteria
can use T3SS to colonize a wide range of plant, microbe,
vertebrate, and invertebrate hosts, and to resist predation
by bacteriovorous organisms, which may help bacteria to
persist in the environment and facilitate transmission to
new hosts. (3) Mutualistic symbioses: T3SS-using symbi-
onts can use T3SS to colonize host organisms, to help
host organisms to obtain food, and to defend host organ-
isms against parasites. (4) Commensal interactions: T3SSCgenes are present in commensal bacteria that colonize the
vertebrate gut, mucosal surfaces, and the tissues and sur-
faces of plants, invertebrates, and fungi, and may have
subtle but significant roles in host interactions. The host
interactions of different strains of bacteria may encom-
pass two or more of these categories (Figure 1).
Expanding current knowledge of the diversity of T3SS-
mediated interactions, and of the expression and func-
tional activity of T3SS in diverse host interactions, could
help to answer many of the outstanding questions regard-
ing the epidemiology and evolution of T3SS and T3SS-se-
creted effectors. Why do many pathogens produce such
a wide variety of effectors? Why do pathogens of diverse
host species contain closely related effectors? Why do
pathogens have multiple T3SS, or T3SS and effectors that
have no detectable role in pathogenesis? Some bacteria
Figure 1. T3SS-Using Bacteria that Interact with Multiple
Eukaryotic Hosts
(A) T3SS may be used in mutualistic symbiotic interactions (S), in path-
ogenic interactions (P), and in commensal interactions (C). Some
organisms can act as vectors (V, arrow) that transmit bacteria to other
hosts. T3SS-using bacteria can also be isolated from environments (E),
such as soil and water, where bacteria interact with plants, protoctists,
fungi, and invertebrates. Environmental bacteria may use T3SS in
defensive interactions with bacteriovorous predators.
(B) Examples of multihost interactions discussed in the main text, clas-
sified according to the categories shown in (A).ell Host & Microbe 2, November 2007 ª2007 Elsevier Inc. 293
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in different stages of infection (Troisfontaines and Corne-
lis, 2005; Pallen et al., 2005), but others may use different
T3SS in interactions with different hosts. Are T3SS and
effectors under positive or negative selection when path-
ogens are present in natural environments such as soil and
water? Results obtained with Salmonella suggest that
expression of T3SS in some contexts can actually impair
fitness (Iniguez et al., 2005).
Knowledge of T3SS expression and function in alternate
hosts may have important implications for disease man-
agement. Bacteria that express T3SS while colonizing
livestock, produce, or insect hosts may be primed for
infection when they come into contact with human cells.
Furthermore, although this review has focused on well-
characterized symbionts of plants and animals, it is impor-
tant to emphasize that T3SS are also present in a wide
variety of environmental and commensal organisms that
have not been shown to have detrimental effects on hu-
mans, livestock, or crops, andwhich have beneficial appli-
cations as probiotics, in plant growth promotion, and in
bioremediation. Are T3SS necessary for these effects to
occur? Canwe distinguish between beneficial T3SS-using
bacteria and potential pathogens when developing bacte-
rial strains for these beneficial applications? There is sig-
nificant interest in the development of chemicals that
inhibit the activity of specific virulence mechanisms such
as T3SS. Will these chemicals have a negative effect on
commensal organisms and natural ecosystems?
Cataloguing and analyzing even a small fraction of the
T3SS-mediated interactions that occur in natural environ-
ments, and demonstrating that bacteria enter into T3SS-
mediated interactions with multiple hosts, is a significant,
but not insurmountable challenge. Researchers can take
advantage of molecular tools that have been developed
to detect effector translocation into eukaryotic cells, rapid
genome-sequencing technology, and use model organ-
isms as surrogate hosts, although there is still a lack of
model systems for studying T3SS-mediated interactions
with aquatic hosts. It is important to consider that T3SS
could have subtle or conditional effects on host organ-
isms, or even have translocation-independent effects, as
observed for ETT2. There is a pressing need for sensitive
and quantitative assays to identify and characterize these
interactions. However, if researchers take up this chal-
lenge and look more widely at the functions of T3SS,
they are likely to discover that the ecological functions of294 Cell Host & Microbe 2, November 2007 ª2007 Elsevier IncT3SS are more diverse and more fascinating than we
have yet imagined.
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